
of n station components (e.g., 3-component Hi-Net stations,
8 stations corresponds to n = 24) on which we record
ground motion at windows represented by the vector u at
time ti and tj. The corresponding network correlation coef-
ficient (CC) sum, aij can be written as:

aij ¼
X

n

CCn ¼ u tið Þ $ u tj
! "

i.e., the sum of the normalized CC across the network.
Summing across the network allows us to search for times
when the entire network exhibits waveform similarity, and
greatly enhances the ability to distinguish signal from noise.
We detect on the statistics of aij relative to that of all other
lags and use the median absolute deviation (MAD) to set a
detection threshold [Shelly et al., 2007a; Brown et al.,
2008]. The MAD ensures that the detection statistics are not
adversely affected by windows with high values (positive
detections). Time lags exhibiting very strong similarity
represent either repeats, or near-repeats, of LFEs within the
tremor.
[6] We save all window pairs that exceed our detection

threshold of 6 times MAD, and verify them as LFEs based

on the comparison of stacks of aligned events by re-
applying the autocorrelation with a detection threshold of
9 times MAD for Japan and Cascadia, and 10 times MAD
for Costa Rica data. The detection criterion for Costa Rica is
set higher due the lower sampling rate of the data compared
to SW Japan and Cascadia. We are able to apply sample
precision waveform cross-correlation to measure relative
arrival times for all windows that pass the event detection
statistic. Because we have both horizontal and vertical
components of ground motion for the tremor, we search
for S-waves and P-waves on these components, respective-
ly. We search for S-waves via cross-correlation, flag the
arrival, and search behind the S arrival for a P-wave on the
vertical component. Figures 2a–2c and 2d–2f show align-
ments on the S- and P-waves, respectively. Both P and
S wave pick errors are between 0.1 and 0.5 seconds in all
three locations. Starting locations for the LFE hypocenters
are estimated using the S-P times for all events.
[7] We use a combination of tomoDD [Zhang and

Thurber, 2003] and the summed network correlation coef-
ficients [Ohta and Ide, 2008] to estimate accurate event
locations assuming a fixed, 3-D velocity model from
tomographic studies in each locale [Shelly et al., 2006;

Figure 1. Non-volcanic tremor recordings at three subduction zones. Tremor in all three subduction zones is characterized
as a long-duration low-amplitude signal resembling volcanic tremor in some respects.

Figure 2. LFE detections within tremor from three subduction zones on horizontal components. Shown are stacks and
alignments of similar LFEs recorded at a common station. Events are aligned on the (a–c) S-wave arrival after cross-
correlation and (d–f) P-wave arrivals. (top) Individual events in blue and the normalized stack in red. (bottom) A grayscale
plot of aligned seismograms. Positive values are white, and negative values are black.
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